| INTRODUC TI ON
Stem cells (SCs) are defined as cells that have the dual capacity to generate mature cells following differentiation and to maintain themselves through self-renewal. They serve as a reservoir for the production of new cells to maintain tissue homeostasis under diverse physiological and pathological conditions, such as development and physiological aging or injury and disease (Xin, Greco, & Myung, 2016) . In mammals, stem cell populations have been found by lineage-tracing techniques and serial transplantation assays in various tissues, including brain, retina, pancreas, intestinal villi, bone marrow, and hair follicles (Barker et al., 2007; Blanpain & Fuchs, 2009; Chen, Tian, et al. 2015; Chen, Wang, et al. 2015; Ghazizadeh & Taichman, 2001; Goncalves, Schafer, & Gage, 2016; Murtaugh & Keefe, 2015; Weissman, Anderson, & Gage, 2001 ).
The regeneration of stem cells is regulated by the stem cell microenvironment, also called the stem cell niche (Schofield, 1978; Xin et al., 2016) , which represents discrete and dynamic in vivo domains involved in stem cell homeostasis (Scadden, 2014; Voog & Jones, 2010) . The potential of stem cells in regenerative medicine relies upon removing them from their natural habitat, propagating them in culture, and placing them into a foreign tissue environment, where they may again home in appropriate niches . Therefore, understanding how stem cells interact with their environments in adult tissues is important because aberrant multipotent stem cell generation may give rise to diseases.
The hair follicle, containing various types of stem cells, serves as an ideal in vivo model for the dissection of stem cell/niche cell interactions (Hsu, Pasolli, & Fuchs, 2011) . The hair follicle is a skin appendage composed of epidermis-derived follicular keratinocytes, mesenchymal cells, and neural crest-derived melanocytes (Sennett & Rendl, 2012) . It undergoes cyclic regeneration and regression with alternating phases, called anagen (growing phase), catagen (regressing phase), and telogen (resting phase; Nishimura, 2011) . In the hair follicle, stem cell populations including keratinocyte stem cells (KSCs), melanocyte stem cells (McSCs) , and hair follicle-associated pluripotent (HAP) stem cells reside in the bulge area and give rise to the follicle structures during each anagen phase of the hair cycle (Myung & Ito, 2012) . The KSCs are responsible for the cyclic regeneration of hair follicles as well as a transient supply of progeny to the interfollicular epidermis and to sebaceous glands after wounding (Hsu et al., 2011; Oshima, Rochat, Kedzia, Kobayashi, & Barrandon, 2001 ). McSCs directly adhere to KSCs, are maintained in the niche microenvironment throughout the hair cycle, and self-renew only at early anagen to provide amplifying and differentiating progenies to the hair matrix for hair pigmentation (Nishimura et al., 2002; Tanimura et al., 2011) . Recently, studies using genetic mouse models have provided information on the interactions between McSCs and other hair follicle cell types, which contribute to self-renewal, division, migration, and differentiation (Rabbani et al., 2011) . In addition, it is also important to understand the effects of local signals on
McSCs because many local factors are thought to participate in the regulation of adult stem cells (Lee & Fisher, 2014) .
In this review, we will discuss the crosstalk between McSCs and neighboring cells, stem cell self-renewal, the regulation of melanocyte homeostasis, cell differentiation by local signals, and the response of McSCs to injuries.
| MEL ANO C Y TE S AND M C SC S
Melanocytes are originally derived from the neural crest (NC), which arises at the border between the neural tube and the prospective epidermis. The NC gives rise to melanoblasts, which eventually differentiate into melanocytes in response to a complex network of interacting regulatory pathways (Hou & Pavan, 2008; Mort, Jackson, & Patton, 2015) . The differentiated cells show a dendritic morphology and produce melanin to provide visible pigment in skin, skin appendages such as feathers or hairs, and eyes (D'Mello, Finlay, Baguley, & Askarian-Amiri, 2016) . In mouse hair follicles, for instance, differentiated melanocytes colonize the hair matrix at the bottom of each follicle and produce melanin pigments in an organelle called the melanosome only during the anagen phase of the hair cycle (Slominski & Paus, 1993) . Melanocytes die and disappear from the hair matrix during the catagen phase of the hair cycle, but normally regenerate from McSCs to reappear at this location during the next anagen phase (Nishimura, 2011) . The pigmentation of the hair shaft depends on the transfer of melanosomes from melanocytes to the adjacent precortical keratinocytes (the cells that give rise to the hair shaft) and hence is governed by the precise interactions between melanocytes and these keratinocytes (Slominski et al., 2005; Van Den Bossche, Naeyaert, & Lambert, 2006) . The pigments in melanosomes, eumelanin and pheomelanin, are synthesized by a series of reactions that are catalyzed by specific melanogenic enzymes including tyrosinase (TYR), tyrosinase-related protein 1 (TYRP1), and dopachrome tautomerase (DCT; d 'Ischia et al., 2015) . The production of these enzymes is regulated by the transcription factors MITF and/or SOX10 (Hou & Pavan, 2008; Seberg, Van Otterloo, & Cornell, 2017) .
In contrast to melanocytes, McSCs are immature cells that lack melanin pigments and reside in the hair follicle bulge area Nishimura, 2011) . During early developmental stages, melanocyte precursors (the above-mentioned melanoblasts) delaminate from the dorsal-most aspect of the neural tube and in the trunk area migrate dorsolaterally through the dermis between somites and the developing epidermis (Hirobe, 2011; Mull, Zolekar, & Wang, 2015) . At later stages, a second wave of migratory cells is thought to differentiate from Schwann cell precursors associated with developing nerves, contributing to the adult melanocytes of the trunk, head, and developing limbs (Adameyko et al., 2009) . After being incorporated into embryonic hair follicles, some melanoblasts differentiate into mature melanocytes and are immediately responsible for the coloration of hairs arising during the first hair cycle, while others reside in the hair follicle bulge region (Mull et al., 2015) . McSCs are normally quiescent but, when the hair cycle progresses from telogen to anagen, the majority of them are activated to divide. These cells extend their processes toward the follicular papillae and eventually localize to the hair matrix where they undergo further cell divisions and differentiate into pigment-producing cells for skin and hair pigmentation. Nevertheless, a small percentage of the McSCs remain in the bulge area (Tanimura et al., 2011) . Their maintenance is critical as their loss leads to failure of follicular melanocyte regeneration in the hair bulb and hence to hair graying (Nishimura, Granter, & Fisher, 2005; Steingrimsson, Copeland, & Jenkins, 2005) .
The McSC population consists of small, oval-shaped cells with a high nuclear/cytoplasmic ratio (N/C) (Nishimura, 2011) .
Although not pigmented themselves, they nevertheless express the pigment enzyme Dct, a fact that can be exploited for their specific marking in the bulge either by direct labeling or indirectly with a transgene allowing expression of markers such as LacZ or GFP under the control of a Dct promoter. These cells also express Pax3 and low levels of Kit but not markers associated with melanocyte differentiation such as Tyr and Tyrp1 (Lang et al., 2005; Nishimura et al., 2010; Osawa et al., 2005) . Recently, SOX10, which is expressed in melanoblasts of the skin and melanocytes of the hair bulb, has also been reported to be expressed in McSCs (Harris et al., 2013) .
McSCs can be activated by environmental factors to proliferate and differentiate into melanocytes for regenerating hair pigmentation (Ferguson, Kunisada, Aoki, Handoko, & Walker, 2015) .
Differentiation of their progeny is associated with inhibition of proliferation and onset of TYRP1 expression. Fully differentiated, non-proliferative melanin-producing melanocytes express the transcription factor MITF and the melanogenic enzymes DCT, TYRP1, and TYR and contribute pigment to the growing hair shaft (Botchkareva, Botchkarev, & Gilchrest, 2003; Osawa et al., 2005) .
| M C SC S IN RE S P ON S E TO INJ URIE S
Besides their involvement in the physiological regulation of hair pigmentation, McSCs also contribute to pigmentation of regenerating hair follicles following various types of stresses and damages, such as UV or ionizing radiation, wound injury, and hair plucking, as schematically shown in Figure 1 . Below, we discuss the roles of radiation and mechanical injury in McSC generation.
| Radiation
Ionizing radiation (IR) produces multiple clusters of DNA doublestrand breaks that mediate cell cycle arrest, apoptosis, and DNA repair (Price & D'Andrea, 2013; Riley, Sontag, Chen, & Levine, 2008) .
In IR-exposed mouse epidermis, IR-induced genotoxic stress induces a large number of cells to undergo apoptosis outside the bulge region. Interestingly, the stem cell populations in the hair bulge partly resist this stress and escape cell death through higher expression of the antiapoptotic protein BCL2 and a faster downregulation of p53 and phospho-p53 compared with that seen in non-bulge epidermal cells (Sotiropoulou et al., 2010) . However, IR exposure still leads to a delay of hair regeneration and induces hair graying (Inomata et al., 2009 ). The reason for this lies in the fact that, in response to genotoxic stress, McSCs tend to differentiate into mature melanocytes directly in the niche and so are still depleted, despite the absence of apoptosis or senescence (Inomata et al., 2009; Ueno, Aoto, Mohri, Yokozeki, & Nishimura, 2014) . Hence, McSCs may be subject to a quality control system that eliminates damaged stem cells by inducing their premature differentiation in the niche. Nevertheless, it has to be considered that the primary target for radiation-induced hair graying is not the McSC but the KSC (Aoki, Hara, Motohashi, & Kunisada, 2013) ; IR exposure has genotoxic effects on KSCs and disrupts their colony-forming capacity, which may cause impaired niche function. In fact, the local microenvironment of McSCs affects hair follicle radiosensitivity (Ueno et al., 2014) .
Similar to IR stress, ultraviolet radiation (UVR) induces DNA damage through creation of photoproducts and reactive oxygen species, either through direct induction of chemical reactions within DNA or through DNA strand breaks (Greinert et al., 2012; Lankinen, Vilpo, & Vilpo, 1996; Suwanpradid, Holcomb, & MacLeod, 2017) . UVB radiation (290-320 nm wavelength) and wavelengths close to the UVB spectrum are particularly associated with DNA damage and carry a high risk of inducing genetic instability and cancer (Runger, 2013) . Given the sun-seeking behavior of many humans, solar UVR is a major environmental stress or causing skin damage, including inflammation, immunosuppression, or even carcinogenesis (Fell, Robinson, Mao, Woolf, & Fisher, 2014; Suwanpradid et al., 2017) . Cutaneous melanoma, which is often fatal if allowed to progress to metastasis, is epidemiologically linked to UVR (Day, Marchalik, Merlino, & Michael, 2017) . In recent years, large-scale genomic studies of cutaneous melanoma established that the mutational signature of ultraviolet radiation of sunlight accounts for 46% of driver mutations, thereby confirming the role of UVR in melanoma pathogenesis (Cancer Genome Atlas Network, 2015; Leclerc, Ballotti, & Bertolotto, 2017) . In neonatal mice, cutaneous melanoma can arise as a consequence of intense, intermittent exposure of the skin to UVR (De Fabo, Noonan, Fears, & Merlino, 2004; Noonan et al., 2001) . It is commonly believed that human melanoma cells are malignantly transformed epidermal melanocytes (Leclerc et al., 2017) . Nevertheless, as McSCs are long-lived cells that inevitably accumulate DNA damage with age and after UVR exposure, it is likely that McSCs also contribute to melanomagenesis in response to UVR injury (Nishimura, 2011; Soteriou & Fuchs, 2018) . Indeed, in a melanoma mouse model using an inducible system based on Tyr-CreER to trace McSCs, White and colleagues showed that McSCs are the source of melanoma upon stimulation by UVB (Moon et al., 2017) . However, melanoma cells can also arise from mature melanocytes of hair follicles (Kohler et al., 2017) . In response to UVB irradiation, McSCs proliferate and differentiate into melanoblasts/melanocytes and migrate from hair follicles to the interfollicular epidermis for skin pigmentation (Chou et al., 2013) . Like McSCs, the follicle-derived epidermal melanocytes have the ability to repopulate bulb melanocytes to sustain hair pigmentation in subsequent hair cycles. This feature of epidermal melanocytes has been observed in normal mouse tail that lacks appendages and seems to contain a distinct melanocyte population in the epidermis (Glover et al., 2015; Gomez et al., 2013) . Some of these epidermal melanocytes are capable of proliferating during the postnatal period and may serve as a reservoir that is used for repopulating the skin after large-scale melanocyte loss, analogous to the putative population identified in the interfollicular epidermis of both vitiliginous and healthy skin in humans (Seleit, Bakry, Abdou, & Dawoud, 2014) .
Notably, the response of follicular McSCs to UVR-induced damage is distinct from their response to ionizing radiation, which, as mentioned above, leads to ectopic differentiation at the expense of the capacity to self-renew and, hence, to hair graying. Such hair graying is not seen after UVR, despite the fact that UVR leads to a transient decrease in McSCs and a transient emergence of melanoblasts, suggesting that the remaining stem cells are sufficiently replenished to participate in the following hair cycles (Chou et al., 2013; Ferguson et al., 2015; Nishimura, 2011) . The difference may lie in the fact that, in the mouse skin, IR penetrates to a depth where bulge stem cells reside while UVB cannot (Day et al., 2017) . Although longer wavelength UVA penetrates further down into the skin, there is no evidence that it activates McSCs as it does not induce a proliferative melanocyte response in either neonatal or adult mice (van Schanke et al., 2005; Walker et al., 2009; Zaidi et al., 2011) .
| Mechanical injury
Mechanical injuries, such as abrasion with an emery wheel, fullthickness punch wounds, or incisions, lead to varying degrees of skin damage, followed by epidermal wound healing primarily due to regeneration of keratinocytes (De Fabo et al., 2004; Ito et al., 2005) .
Wound healing depends on epidermal stem cells, including keratinocyte stem cells of the interfollicular epidermis, sebaceous gland stem cells, and hair bulge stem cells, and nerve-derived glial cells (Blanpain & Fuchs, 2009; Morasso & Tomic-Canic, 2005; Myung & Ito, 2012; Parfejevs et al., 2018; Taylor, Lehrer, Jensen, Sun, & Lavker, 2000) .
Due to the marked ability of isolated bulge cells to reconstitute the epidermis and hair follicle, bulge stem cells are viewed as the ultimate source for all cutaneous epithelial lineages (Myung & Ito, 2012) . Upon these mechanical injuries, bulge stem cells are activated to amplify transiently and migrate from the bulge region into the epidermis of the center of the wound, and ultimately forming a marked radial pattern (Ito et al., 2005) . The bulge-derived cells are committed to differentiation and contribute to regeneration of the epidermis. McSCs can also rapidly respond to wounding, leave the bulge niches, and give rise to both hair follicle and epidermal melanocytes (Chou et al., 2013) . The follicle-derived epidermal melanocytes have the ability to proliferate, express differentiation markers, and even revert back to follicular McSCs in newly formed hair follicles.
However, wound injury still leads to McSC depletion and hair graying in the wound periphery (Chou et al., 2013; Yuriguchi, Aoki, Taguchi, & Kunisada, 2016) , perhaps resulting from the direct migration of
McSCs from their niche.
Plucking injury, a mechanical microinjury to the skin, leads to resetting of the hair cycle, prompting entry into anagen from telogen and induction of hair regeneration (Silver & Chase, 1970) .
Plucking-induced hair regeneration is thought to be mediated by an autonomous mechanism in each follicle, with early apoptosis in the bulge leading to activation of bulge stem cells (Ito, Kizawa, Toyoda, & Morohashi, 2002) . Hair regeneration also depends on the density of hairs plucked per surface area and so responds to a form of quorum sensing (Chen, Wang, et al. 2015; Plikus et al., 2008) . In response to hair plucking, McSCs are activated to proliferate and differentiate into both hair follicle and epidermal melanocytes (Li et al., 2017) . Collectively, all of these injuries regulate proliferation, differentiation, and migration of McSCs in hair follicles. After injury, inflammation is usually confined to the injured tissue, leading to dynamic changes in the niches (Eming & Wynn, 2017) , which in turn can promote the maintenance of stem cells and regulate their behaviors (Voog & Jones, 2010) . Below, we describe in more detail the features of McSCs and the niche in which they reside. 
| THE NI CHE OF M C SC S

| Multiple stem cells in the hair bulge
McSCs, a reservoir population for melanocytes in hair follicles, have first been identified by Nishimura et al. (2002) . Based on BrdU pulse-chase experiments and hair reconstitution experiments, McSCs are undifferentiated slow-cycling cells capable of self-maintenance and of supplying a large number of differentiated melanocytic progeny. The McSC population can be distinguished from other stem cell populations in the bulge by specific markers, such as DCT, KIT and SOX10 (Harris et al., 2013; Nishimura et al., 2002 Nishimura et al., , 2005 . Melanocyte stem cells are usually kept in a quiescent state, but can be activated at the beginning of the anagen phase of the hair cycle (Nishimura, 2011) . Using melanocyte tagging in several transgenic mouse systems, McSCs have been found to behave as committed melanocyte lineage cells in vivo (Nishimura et al., 2002 (Nishimura et al., , 2010 , but cultured McSCs from hair follicles can differentiate not only into melanocytes but also multiple other lineage cells, such as neurons, glial cells, and smooth muscle cells (Watanabe et al., 2016) .
This suggests that McSCs still maintain some intrinsic flexibility or susceptibility to cell reprogramming and that the bulge niches may be important for the committed differentiation to melanocytes.
In the hair bulge, a large number of bulge stem cells that directly surround the McSCs are Keratin 15 (K15)/CD34-positive (Myung & Ito, 2012; Rabbani et al., 2011; Tanimura et al., 2011; Trempus et al., 2003) . This cell population is defined as KSCs or epithelial stem cells of the hair follicle. Specifically, in vivo genetic lineage-tracing experiments have shown that all layers of the lower portion of the anagen hair follicle are derived from K15 + KSCs (Morris et al., 2004) . Additionally, ex vivo transplant and grafting experiments using purified bulge cells demonstrated that these cells have the potential to differentiate into all skin epithelial lineages (Blanpain, Lowry, Geoghegan, Polak, & Fuchs, 2004; Morris et al., 2004; Oshima et al., 2001) . Depending on the stem cell-specific marker LGR5, K15 + stem cells can be divided into at least two subpopulations, LGR5-positive and LGR5-negative stem cells (Jaks et al., 2008; Myung & Ito, 2012) . However, it is still unclear whether every K15 + cell within the telogen epithelial sac holds the capacity to differentiate into all epithelial cell types that compose the anagen hair follicle in vivo, or whether any subpopulation has a restricted lineage commitment to generate but one or few specific epithelial cell types (Cotsarelis, 2006) . Nevertheless, it is clear based on in vivo gene knockout and engineered transgenic mouse systems combined with radiation injury and hair reconstitution that KSCs in the bulge region provide a functional niche for McSCs (Aoki et al., 2013; Tanimura et al., 2011; Ueno et al., 2014) .
A subpopulation of bulge stem cells is K15-negative but positive for the stem cell marker CD34 and the neural progenitor cell marker NESTIN (Amoh & Hoffman, 2017; Amoh, Li, Katsuoka, Penman, & Hoffman, 2005) . These cells are defined as hair follicle-associatedpluripotent (HAP) stem cells that coexpress S100, a Schwann cell marker, and p75, a neural crest and immature Schwann cell marker (Mii et al., 2013) . HAP stem cells reside in the upper part of the hair bulge and have round/oval-shaped bodies with a typical diameter of 7 μm and 2-3 long, elongated processes containing club-like bodies (Amoh & Hoffman, 2017 
| Crosstalk between McSCs and neighboring cells
Interactions Yamada et al., 2010 Yamada et al., , 2013 .
| Local signals in the McSC niche
| S I G NALING PATHWAYS AND INTRIN S I C FAC TOR S IN THE REG UL ATI ON OF M C SC S
| WNT/β-catenin signaling
WNT/β-catenin signaling is required for McSCs maintenance and differentiation under both diverse physiological and pathological (injury) conditions as well as during melanocyte development (Ikeya, Lee, Johnson, McMahon, & Takada, 1997; Rabbani et al., 2011) . During the early developmental stages, the signaling pathway is required for induction of melanoblasts from neural crest (Ikeya et al., 1997) . (Rabbani et al., 2011; Takeo et al., 2016; Yamada et al., 2013 
| KIT signaling
The receptor KIT is a member of the tyrosinase kinase receptor family and regulates multiple physiological homeostatic events, including the development and maintenance of hematopoietic stem cells, primordial germ cells, mast cells, and melanocytes (Ding, Saunders, Enikolopov, & Morrison, 2012; Hou & Pavan, 2008; Lennartsson & Ronnstrand, 2012) . Activation of KIT by KITL (also known as stem cell factor, SCF) leads to receptor dimerization and autophosphorylation of specific tyrosine residues in the kinase domain. This activates downstream signal transduction molecules, such as MAPK, phosphatidylinositol 3-kinase (PI3K), JAK/STAT, and Src family members (Lennartsson & Ronnstrand, 2012) . McSCs in the bulge express KIT at low levels, while melanocytes and epithelial cells in the hair bulb express KIT at high levels. KITL is expressed in the perifollicular connective tissue sheath, dermis, and dermal papilla (Botchkareva, Khlgatian, Longley, Botchkarev, & Gilchrest, 2001; Nishikawa-Torikai, Osawa, & Nishikawa, 2011; Nishimura et al., 2005; Peters et al., 2003) .
KIT signaling is necessary for melanocyte development and hair pigmentation (Ding et al., 2012; Hou, Panthier, & Arnheiter, 2000; Lennartsson & Ronnstrand, 2012; Wen et al., 2010) . Null mutations of Kitl or Kit or administration of KIT-neutralizing antibodies during mouse embryogenesis all block proper melanocyte development, such as melanoblast proliferation, migration, and survival (Cable, Jackson, & Steel, 1995; Nishikawa et al., 1991; WehrleHaller & Weston, 1995) . hair epithelial cells and melanocytes (Peters et al., 2003) . It will be interesting to investigate whether KIT acts in a cell-autonomous and/or non-autonomous manner in hair matrix. A similar question has been addressed using a conditional knockout mouse model in which Kit is specifically mutated in neural crest-derived melanocytes (Aoki, Tomita, Hara, & Kunisada, 2015) . The pigmented coat of the heterozygous mutants exhibits a white spotting phenotype, suggesting that KIT action is exclusively cell-autonomous . However, some potential problems are still unresolved in this study as we previously discussed (Li & Hou, 2015) .
The hair follicle, a complex miniorgan with multiple KIT + subpopulations, maybe a suitable experimental model for future studies to answer this question.
| EDNRB signaling
Endothelin receptor-B is a G protein-coupled receptor and is essential for the development of melanocytes and the enteric nervous system (Saldana-Caboverde & Kos, 2010). It has three ligands, endothelin 1 (EDN1), endothelin 2 (EDN2), and endothelin 3 (EDN3), which are signaling peptides composed of 21 amino acid residues.
Binding of EDNRB by EDNs leads to the activation of downstream signal transduction pathways, including PKC, CamKII, and MAPK (Hou & Pavan, 2008) . In hair follicles, expression of EDNRB can be observed in McSCs, melanocytes, and outer root sheath cells (Li et al., 2017) . EDN1 and EDN2 are expressed in the sHG and bulge region during the hair anagen phase, while the expression of EDN3 is detectable in the hair matrix at the later anagen phase (Rabbani et al., 2011; Rezza et al., 2016) .
Experiments in Ednrb mutant mice and ESCs have shown that
EDNRB signaling, though not needed for melanoblast generation, is needed for differentiation and migration of melanoblasts during embryogenesis (Hou, Pavan, Shin, & Arnheiter, 2004; Lee, Levorse, & Shin, 2003; Shin, Levorse, Ingram, & Tilghman, 1999; Yang et al., 2014) . Recently, EDNRB has been identified to play important roles for McSC maintenance and proliferation in hair follicles as well (Takeo et al., 2016) . The pigmented scalp hairs of Ednrb mutant mice become dramatically gray during the first year of life (Li et al., 2017) . Furthermore, upon tamoxifen (TAM)-induced recombination, postnatal conditional knockout of Ednrb in mice also leads to hair graying and loss of McSCs in the hair bulge (Takeo et al., 2016) . Given that the deletion of Ednrb is specific for the melanocyte lineages, EDNRB seems to act cell-autonomously in hair follicles.
Among its ligands, only single deletion of Edn3 in mice leads to abnormal melanocyte development and white spots (SaldanaCaboverde & Kos, 2010) . Overexpression of Edn3 under control of a human K14 promoter prematurely induces melanocyte differentiation and dermis hyperpigmentation in neonatal mice (Aoki et al., 2009) . In hair follicles, forced expression of Edn3 shows a slight effect on preserving McSCs and rescuing hair graying in response to wound injury or repeated plucking (Endou et al., 2014; Yuriguchi et al., 2016) . Single plucking induces endogenous EDN3 upregulation in the dermal papilla, the sHG cells, and the epidermis, leading to hair hyperpigmentation (Li et al., 2017) . Genetic and pharmacological disruption of EDNRB can block pluckinginduced hair hyperpigmentation, indicating that EDN3/EDNRB signaling is required for plucking-induced hair hyperpigmentation. As EDN3 is able to promote production of melanin in follicular melanocytes, it is also a major determinant of color patterns in striped mice (Mallarino et al., 2016) . The other two ligands, EDN1
and EDN2, also participate in the regulation of McSC proliferation, differentiation, and migration in hair follicles (Chang et al., 2013; Rabbani et al., 2011) . Robust expression of Edn2 leads to premature McSC differentiation and generation of pigment in the bulge region (Chang et al., 2013) , while overexpression of Edn1 promotes differentiation and proliferation of McSCs at the onset of anagen and induces epidermal migration of McSCs in response to wounding or plucking (Takeo et al., 2016) . The expression of
Edn1 and Edn2 is positively regulated by activated β-catenin, while
Edn2 is negatively regulated by the NFIB in hair follicle stem cells (Chang et al., 2013; Rabbani et al., 2011) . How the expression of Edn3 is regulated in hair follicles, however, is still unknown.
| TGF-β signaling
Transforming growth factor-β (TGF-β) signaling is required for multiple stem cell lineages, such as hematopoietic stem cells, neural stem cells, and McSCs (Batard et al., 2000; Falk et al., 2008; Nishimura et al., 2010) . There are three mammalian isoforms of TGF-β (1, 2, and 3) that signal through type I and type II TGF-β receptors. Upon binding of TGF-β to type I and type II receptors, the receptors form a heterodimeric complex and the type II receptors phosphorylate and activate the type I receptors that then propagate the signal by phosphorylating SMAD2/3 transcription factors, which subsequently enter the nucleus to regulate their target genes (Massague, 2008) . In hair follicles, TGF-β1/2 expression can be observed in the bulge area of follicles at later anagen stages and the TGF-β signaling is activated to phosphorylate SMAD2 (Foitzik et al., 2000; Tumbar et al., 2004) . The experiments in conditional TGF-βR II knockout mice and cultured cells have shown that TGF-β signaling is required for McSC maintenance, inducing cell cycle arrest, downregulation of MITF, suppression of melanogenic genes, and finally promoting McSCs entry into the quiescent state (Nishimura et al., 2010) . This functional role of TGF-β signaling is dependent on the transcription factor BCL2 that is needed for McSC survival and maintenance.
| MC1R signaling
Melanocortin 1 receptor (MC1R) is a G protein-coupled receptor and is found on both melanocytes and leukocytes (Chhajlani, 1996; Wolf Horrell, Boulanger, & D'Orazio, 2016) . Following activation with the agonistic ligand α-MSH, the Gαs protein dissociates from MC1R and stimulates adenylcyclase activity which cleaves ATP to generate the second messenger cAMP. Increased cAMP levels lead to a host of downstream signaling events including activation of effector proteins such as cAMP-dependent protein kinase (PKA) (Wolf Horrell et al., 2016) . In hair follicles, the MC1R receptor is specifically expressed on the surface of melanocyte lineage cells throughout the growth phase of the hair cycle, promoting production of eumelanin (Robbins et al., 1993 (Takeo et al., 2016) .
On the other hand, activation of MC1R in melanocytes by α-MSH does not only promote melanin synthesis but also enhances DNA repair after UVR exposure (Shah & He, 2015) . Mc1R mutations in humans lead to red hairs and accelerate melanomagenesis independent of UVB irradiation (Mitra et al., 2012) , likely due to the high ratio of pheomelanin in red hair individuals. Recently, it has been reported that an ATR-mediated phosphorylation of ZDHHC13 leads to higher levels of MC1R palmitoylation and higher signaling levels, thereby protecting against melanomagenesis (Chen et al., 2017) . These studies demonstrate that MC1R signaling plays vital roles in bulge McSCs and can prevent melanomagenesis.
| NOTCH signaling
In mammals, there are four different notch receptors, NOTCH1-4, which are single-pass transmembrane receptor proteins (Liu, Fukunaga-Kalabis, Li, & Herlyn, 2014) . Following interaction of membrane-bound ligands (i.e., Delta, Jagged) with the heterodimeric receptor through direct cell contact, the intracellular region of the NOTCH receptor is cleaved through two sequential proteolytic events to release the active intracellular domain of NOTCH (NIC), which is subsequently translocated into the nucleus to generate a transactivation complex with the RBP-J transcription factor that promotes transcription of various target genes, including members of the Hes (Hairy/enhancer-of-split) and the Hey (Hairy/enhancer-ofsplit related to YRPW motif) gene families (Pinnix & Herlyn, 2007) .
In hair follicles, NOTCH signaling plays a vital role in McSC maintenance. Targeted deletion of Notch 1 and Notch 2 in the melanocyte lineage leads to gradual loss of McSCs in the bulge with aging and to hair graying, but does not affect pigmentation in non-follicular melanocytes in the dermis or the choroid (Kumano et al., 2008) .
Furthermore, melanocyte-specific deletion of RBP-J, a downstream transcription factor of NOTCH signaling, also leads to similar hair graying (Moriyama et al., 2006) . These studies suggest that NOTCH signaling is needed for McSC self-maintenance to repopulate melanocytes in the hair bulb.
| Intrinsic factors of McSCs
MITF, a critical regulator of melanocyte identity, is a basic helix-loophelix leucine zipper transcription factor that forms dimers capable of binding specific DNA sequences in the regulatory regions of a large number of target genes that in turn control different cellular processes (Arnheiter, 2010; Cheli, Ohanna, Ballotti, & Bertolotto, 2010 (Levy et al., 2010; Nishimura et al., 2005) . In addition, MITF is also able to regulate melanogenesis-related genes (such as Dct, Tyrp1, and Tyr) to promote melanin synthesis in melanocytes (Hou & Pavan, 2008) . However, what the precise role of MITF plays in McSC generation is still largely unknown.
The expression of MITF in melanocyte lineages is regulated by several upstream factors, including β-catenin, SOX10, PAX3, and ALX3 (Hou, Arnheiter, & Pavan, 2006; Hou & Pavan, 2008; Mallarino et al., 2016) . Overexpression of β-catenin induces ectopic expression of MITF in McSCs (Rabbani et al., 2011) , while deletion of Sox10 leads to the absence of MITF in the melanocyte lineage of hair follicles (Harris et al., 2013) . SOX10 and β-catenin are both necessary for McSC maintenance. Their deletion or overexpression leads to loss of McSCs and results in hair graying (Harris et al., 2013; Rabbani et al., 2011) . Another transcription factor, ALX3, regulates
Mitf expression negatively by directly binding its promoter and affects melanocyte differentiation and melanin synthesis in follicular melanocytes (Mallarino et al., 2016) . However, whether Alx3 affects
McSCs in the hair bulge is currently unknown. In melanocyte precursors, PAX3 functions with SOX10 to activate Mitf expression, while at the same time it prevents MITF from activating downstream genes (Lang et al., 2005) . It will be interesting to understand how PAX3 regulates McSCs in hair follicles.
| REG ENER ATIVE MED I CINE APPLI C ATI ON S OF M C SC S
As mentioned, McSCs serve as a cellular reservoir for the generation of follicular and epidermal melanocytes, which in turn lead to hair and skin pigmentation (Nishimura, 2011) . These properties of McSCs are potentially useful for clinical therapies of hypopigmentation disorders, such as vitiligo, most of which show a lack of epidermal melanocytes in skin but not amelanotic melanocyte precursors in the ORS (Birlea, Goldstein, & Norris, 2017; Lee & Fisher, 2014; Mull et al., 2015) . Although it is not easy to identify the presence of melanoblasts or McSCs in clinical settings, unpigmented amelanotic melanocyte precursors have been found microscopically in chronic recalcitrant vitiligo (Tobin, Swanson, Pittelkow, Peters, & Schallreuter, 2000) . Under exposure to UVB, amelanotic melanocyte precursors that are thought to be a reservoir for skin repigmentation are activated to migrate into the epidermis for regeneration of epidermal melanocytes in human skin. Therefore, narrow-band UVB has been used to treat vitiligo in clinical studies, but the fact that UVB potentially promotes melanomagenesis should be considered as well. In addition, because McSCs still maintain some intrinsic plasticity or capacity to be reprogrammed, they can serve as potential reservoir for multiple cell lineages in cell transplants. The potential of McSCs in regenerative medicine has been highlighted in several reviews (Birlea et al., 2017; Lee & Fisher, 2014; Mull et al., 2015) . 
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